INTRODUCTION
Thioredoxins are ubiquitous small globular proteins (100-120 residues) containing an extremely reactive disulphide bridge with a highly conserved sequence WC(G\P)PC. In bacteria and animal cells, thioredoxins participate in multiple reactions which require reduction of disulphide bonds on selected target proteins [1] . In plants, thioredoxins constitute a large multigenic family with different subcellular locations. The chloroplasts of higher plants contain at least two types of thioredoxin : f, which efficiently activates fructose-1,6-bisphosphatase and phosphoribulokinase, and m, which activates the NADP-malate dehydrogenase and deactivates glucose-6-phosphate dehydrogenase. Photosynthetic and non photosynthetic plants also contain a cytosolic thioredoxin, called h for heterotropic [2] [3] [4] . Thioredoxins belong to a wider group of disulphide oxidoreductases that either reduce or oxidize disulphide bonds. The redox potentials of these catalysts depend on both the nature of the amino acid present between the two cysteine residues and the surrounding amino acid residues [5] . Protein disulphide isomerases, or DsBs, exhibit a CGHC sequence, while glutaredoxin possesses a CPYC active site [6, 7] . It has been shown that changing the CGPC site of thioredoxin to CGHC results in the protein behaving more as an oxidant, with an alteration of its redox potential to more positive values [5] .
X-ray structures have been reported for both reduced and oxidized forms of human thioredoxin [8] . Oxidized forms were
Abbreviations used : DTNB, 5,5h-dithiobis(2-nitrobenzoic acid) ; r.m.s., root mean square ; WT, wild-type ; Fo, observed structure factor amplitude ; Fc, calculated structure factor amplitude. 1 To whom correspondence should be addressed (e-mail corbier!lcm3b.u-nancy.fr). 2 The atomic co-ordinates for wild-type and D30A mutant thioredoxin have been deposited in the RCSB Protein Data Bank under the accession codes 1EP7 and 1EP8, respectively. reveals that the relative positioning of residues Asp-30 and Cys-39 as well as hydrophobic contacts in the vicinity of residue Asp-30 do not allow a conformational change sufficient to bring the two residues close enough for a direct proton transfer. This suggests that protonation\deprotonation of Cys-39 should be mediated by a water molecule. Molecular-dynamics simulations, carried out either in acuo or in water, as well as protoninventory experiments, support this hypothesis. The results are discussed with respect to biochemical and structural data.
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also reported for Escherichia coli thioredoxin [9, 10] and for an unusual thioredoxin (trx2) isolated from the photosynthetic cyanobacterium Anabaena [11] , which closely resembles the prokaryotic E. coli structure despite being only distantly related and having some functional differences. In addition, X-ray structures for two chloroplastic thioredoxins, the m and f isoforms, have been published recently [12] . NMR structures are also available for human [13] , Escherichia coli [14] and Bacillus acidocaldarius [15] thioredoxins as well as for the h-type thioredoxin from the green alga Chlamydomonas reinhardtii [16] . Very recently, the NMR structure of the chloroplastic C. reinhardtii thioredoxin m has also been published [17] .
Whatever the group or organism they belong to, the catalytic efficiency of thioredoxins is based on the two redox-active Cys residues that undergo a two-electron oxidation to form a mixed disulphide bond. Each Cys of the active site plays a specific role : a nucleophilic attack by the thiolate of Cys-32 (E. coli numbering) breaks the disulphide bridge of the target protein, forming a disulphide bridge with the more electrophilic sulphur leaving the other as a thiolate. This transitory intermolecular disulphide bridge is then broken by Cys-35, leaving the target protein reduced and releasing thioredoxin in the oxidized form [18] [19] [20] [21] . However, the chemical basis of the catalytic mechanism is not fully understood. Several invariant amino acids such as Asp-26, Trp-31 or Lys-57 (E. coli numbering) are of particular interest and could be directly involved in catalysis [19, 21, 22] .
Considerable interest has been focused on the titrating groups of the active site, including the side chain of Asp-26 and its influence on the pK a values of the two active-site cysteinyl residues. Although it is usually admitted that the pK a of Cys-32 is close to physiological pH [21] , the pK a value of Cys-35 as well as the pK a value of Asp-26 in reduced thioredoxin are still a matter of debate. In oxidized thioredoxins, the two active-site Cys residues form a disulphide bridge and Asp-26 titrates unambiguously with a pK a value of 7.5 and 7.0 for E. coli [23] and C. reinhardtii [16, 17] thioredoxins, respectively. However, in reduced thioredoxins, difficulties due to the proximity of three titrating groups in the active site arise and several pK a values have been proposed for Cys-35 and Asp-26. In particular, pK a values of around 7.5 have been reported for the Asp residue by Jeng and Dyson [24] and Vohnik et al. [25] , whereas pK a assignments equal to or higher than 9 have been proposed by Wilson et al. [26] and Jeng et al. [27] . Nonetheless, in all X-ray or NMR structures available, the Asp side chain is buried, which could explain its high pK a value. It was proposed that the unusually weak acidity of Asp-26 could account for the lower stability of the reduced protein at high pH [28] and that the redox potential of E. coli thioredoxin might be modulated by Asp-26 since reduction potentials in thioredoxin-related enzymes are linked to the relative stability of the reduced and oxidized forms. Furthermore, recent kinetic studies of Chivers and Raines [29] and LeMaster et al. [30] carried out on Asp-26 mutants led to the conclusion that Asp-26 acts as a general acid\base catalyst in the thiol-disulphide interchange reaction. However, it cannot be ruled out that the amino acid substitution produces structural perturbations beyond the active site which would be the true cause of the reduced biological activity found for these mutants. Indeed, Dyson et al. [21] and Vohnik et al. [25] concluded that the replacement of this Asp by Ala in E. coli thioredoxin (D26A, E. coli numbering) leads to conformational disorders near the active site. In order to examine this possibility and with the aim to better understand the implication of these residues in catalysis, we have also solved the X-ray structure of the wild-type (WT) thioredoxin h of C. reinhardtii and the structure of a mutant in which the essential Asp-30 (C. reinhardtii numbering) has been replaced by an alanine. The comparison of the structural data between the WT and the mutant proteins, in conjunction with molecular-dynamics simulations and proton-inventory experiments allows us to conclude that Asp-30 should not interact directly with the side chain of Cys-39 and to propose the involvement of a water molecule for the proton transfer between these two residues.
EXPERIMENTAL

Overexpression, purification and site-directed mutagenesis
Cloning, overexpression and purification of recombinant thioredoxin h has already been reported in Stein et al. [31] . The D30A mutagenesis was carried out by PCR essentially as described in Krimm et al. [22] .
Crystallization and data collection
Crystals of WT thioredoxin and the D30A mutant (18 mg\ml) were obtained at room temperature using the hanging-drop vapour-diffusion technique. They were grown from a solution composed of 10 % (w\v) 8 kDa poly(ethylene glycol) and 10 % (w\v) 10 kDa poly(ethylene glycol) in 0.1 M sodium cacodylate buffered at pH 6.5. Crystals of the WT and D30A mutant appeared after a few weeks and grew as trigonal sticks in space All data sets were collected at room temperature on our home area detector (DIP2030) with a Phi goniometer using CuKα radiation from a rotating anode generator (Nonius B. V. FR591 model). Crystals of WT thioredoxin and the D30A mutant diffracted beyond 2.1 and 2.2 A H respectively. The two data sets were processed and scaled with the HKL suite of programs [32] . The data-collection results are summarized in Table 1 .
Structure determination and refinement
The crystal structure of WT thioredoxin was determined through molecular replacement with the program suite AMoRe [33] . Attempts to determine the crystal structure using either the average NMR structure or all 23 NMR structures of C. reinhardtii (PDB code 1TOF) as a model were not successful. Hence the Xray structure of human monomeric oxidized thioredoxin (PDB code 1ERU), solved to 2.1 A H , was used as the molecularreplacement search model. This protein displays 42 % of sequence identity with the thioredoxin h from C. reinhardtii, hence all nonconserved amino acids were replaced by alanine. The rotation and translation functions were calculated using data between 10 and 3.5 A H resolution. The one-body translation search, using the centred-overlap function, on the first 20 rotation solutions led Crystal structure of thioredoxin h from Chlamydomonas reinhardtii Cycles of rigid-body refinement using CNS software [34] were performed on the model using data between 10 and 3.5 A H resolution. At this stage the resulting R-factor was 0.46 and a 3Fo-2Fc (where Fo and Fc are the observed and calculated structure factor amplitudes, respectively) electron-density map calculated on this model revealed a clear electron density for most of the main-chain atoms of the structure and the intramolecular disulphide bond involving Cys-36 and Cys-39.
Simulated annealing, positional grouped B-factor and individual B-factor were the procedures used during refinement with CNS programs [34] . Cycles of refinement were alternated with manual rebuilding (TURBO-FRODO [35] ) of the protein model and incremental inclusion of higher-resolution data resulted in improved electron-density maps and allowed the introduction of the correct sequence in the model. Finally, the water molecules were added to build the solvent network : each peak contoured at 3σ on the Fo-Fc maps was identified as a water molecule, provided that favourable interactions would be allowed between this site and the protein. The model was then adjusted and refined, using data between 20 and 2.1 A H resolution, until a final convergence, with R and R-free values of 20.4 % and 25.2 %, respectively.
Crystals of the D30A mutant protein were isomorphous to those of WT protein, which allowed the use of the WT structure as a starting model for refinement. Cycles of refinement were performed until crystallographic R values of 19.6 % and an Rfree value of 22.0 % were reached.
The model's geometry was checked with PROCHECK [36] . There were no outliers on the Ramachandran plot [37] and both models possessed at least 93 % of their amino acids in the most favourable regions. Statistics concerning the geometry of the final models are given in Table 1 .
Sequence alignments based on the superposition of the Cα coordinates (see Figure 5 below) were done with Modeller [38] and ALSCRIPT [39] . Root mean square (r.m.s.) deviation calculations and general crystallographic calculations were performed with the CCP4 suite of programs [40] . The accessibility of protein atoms was calculated using CNS [34] . Figures 1-4 were drawn with MolMol [41] .
Molecular dynamics
All calculations and graphical analyses were run on a Silicon Graphics Indigo2 workstation. The INSIGHT\DISCOVER program (Biosym Technologies) [42] was used to perform energy minimizations and molecular-dynamics simulations in acuo and in water solution, pH 7.0, using the AMBER force field [43] . In all simulations, the side chains of Arg and Lys residues were positively charged, whereas the side chains of Glu and Asp were negatively charged. Energy minimizations were carried out using the conjugate gradient algorithm. These procedures were stopped when the maximum derivative was 0.001 Kcal\mol.
The energy-minimized structures of WT thioredoxin and the D30A mutant, in which the disulphide bridge had been broken, were used as the initial structures for the molecular-dynamics simulations in acuo at 300 and 500 K. These energy-minimized structures were also used for the water simulation at 300 K. The computational conditions were chosen to avoid boundary effects [44] . For the molecular-dynamics simulation of WT thioredoxin in water, the trajectories were run with complete solvation shells of 5 A H thickness (715 and 732 water molecules). All simulations were performed with a time step of 1.0 fs. For the in acuo simulations, the proteins were equilibrated for 80 ps and, after this initial step, additional simulations of 80 ps were carried out without rescaling since the energy was conserved and the average temperature remained essentially constant around the target values. For the solution simulations, longer runs were performed : the proteins were equilibrated for 80 ps, a sufficient time period for our simulations and, after this initial step, additional simulations of 120 ps were carried out without rescaling since the energy was conserved and the average temperature remained essentially constant around the target values. Co-ordinates and velocities were dumped every 10 steps during the last 80 ps (for molecular-dynamics simulations in acuo) or every 10 steps during the last 120 ps (for simulations in solution). These dumped data were used for statistical analyses and the calculation of the occurrence of hydrogen bonds (the ratio of the number of the simulation steps where hydrogen bonds were present to the total number of simulation steps).
Proton-inventory experiments
All kinetic assays were carried out on a Cary 50 spectrophotometer (Varian) at a constant temperature of 25p1 mC. The reduction of 5,5h-dithiobis(2-nitrobenzoic acid) (DTNB ; 0.1 mM) by thioredoxin (20 nM) was followed at 412 nm. In order to allow measurements under steady-state conditions, a coupled system composed of an excess of thioredoxin reductase (9 µM) and NADPH (145 µM) was used, to allow thioredoxin recycling. 
Since the SH group of Cys is known to possess a reactant-state fractionation factor that is different from unity and is thus able to contribute markedly to the isotope effect, the corresponding φ R term, usually ignored with other side chains, has been kept in eqn (1) . Experimental data were fitted to eqn (1), allowing us to obtain the number of protons (n) as well as the fractionation factors, φ T n in the transition state and φ R n in the reactant state.
RESULTS AND DISCUSSION
C. reinhardtii WT thioredoxin h structure
WT thioredoxin crystallizes in the trigonal system and belongs to space group P3 " 21 with two independent molecules per asymmetric unit, designated A and B. There were no outliers in the Ramachandran plot [37] and almost all residues of both independent molecules were well defined by the electron density map, except for the N-terminal region (residues 1-3) of molecule A and the C-terminal regions (residues 111 and 112) of both molecules. These two regions account for the main structural differences between the two independent molecules of the asymmetric unit. Indeed, the least-squares superimposition involving all α-carbon atoms of each independent molecule led to an r.m.s. value of 0.64 A H , whereas the superimposition carried out on residues 4-110 led to a r.m.s. value of only 0.26 A H .
Analysis of the contact area between the A and B molecules shows that the largest contact area (1123 A H #) is located at the interface between the two independent molecules and involves the loop Thr-77-Met-79 as well as Trp-35, Val-64, Ala-71 and Ile-76 of both molecules (Figure 1) . It is noteworthy that the arrangement found between monomers A and B is equivalent to that observed in the natural covalent dimeric form of human thioredoxin [3] , which results from an intermolecular disulphide bond via the non-conserved residue Cys-73 (human numbering) of each monomer. Since this residue is replaced by an alanine in the C. reinhardtii thioredoxin, the resulting dimer is non-covalent. The two monomers are related by a crystallographic 2-fold axis in the human thioredoxin structure, whereas a non-crystallographic 2-fold axis is found in the C. reinhardtii structure.
The general fold of thioredoxin h from C. reinhardtii, as with thioredoxins from other sources [8, 10, 11, 15, 17] , consists of a five-stranded β-sheet surrounded by four α-helices (Figure 2) . Comparison of the NMR average model [16] with the X-ray model of molecule A (residues 4-110) leads to r.m.s. deviations of 1.7 A H . Displacements higher than twice the r.m.s. value are found for residues 21-24 (C-terminal end of the α1 helix) and residues 36 and 37 (N-terminal end of the α2-helix). The α1 helix extends from residue 9 to residue 24 in our model but is supposed to end at residue 19 in the NMR model on the basis of amide-proton-exchange experiments, although distances (i, ij4; where i is the number of the residue) characteristic of α-helices were observed up to residue 23 in the latter (J. M. Lancelin, personal communication). Hence, the formation of an additional C-terminal helix turn is probably a transient event in solution and could be stabilized by packing in the crystal state as the α1-helix is directly involved in intermolecular contacts (Table 2 ). Another interesting difference concerns the α2-helix, which contains the active site : this helix begins at residue Gly-37 in the crystal structure, but only at residue Cys-39 in the NMR model. In the crystal structure, a loop immediately preceding the active site (residues Ala-33-Cys-36) is stabilized by intermolecular contacts with molecules from other asymmetric units. As a consequence, the active site could be frozen by the first turn of the α2-helix in the crystal state whereas it would be more floppy in solution. Interestingly, similar observations have been made when comparing the X-ray and NMR models of human thioredoxin [8] .
In the present structure, the two active-site cysteines located at the N-terminal end of the α2-helix on the surface of the protein are in their oxidized form, with a disulphide bridge forming a 14-membered ring, well defined in the 3Fo-2Fc electron density map. The environment of both Cys residues is similar to that described for E. coli [10] or human oxidized thioredoxins [8] . Cys-36 is located on the surface of the protein and is involved in the same intramolecular interactions. Its main-chain carbonyl forms the first hydrogen bond of the α2-helix with the amide NH of Lys-40 and is also involved with two other hydrogen bonds : the first one between its NH and the carbonyl of Ala-33 and the second one between its sulphur atom and the NH of Cys-39. All these features have been already discussed elsewhere to account for the lower pK a value of Cys-36 [8, 10] . Residue Cys-39 was found to be completely buried and surrounded by hydrophobic residues, with the exception of residue Asp-30 (the distance between Cys-39-SG and the closest oxygen atom of Asp-30-OD1 was 5.9 A H ). Such an environment contributes to the lower reactivity of this cysteine when compared with Cys-36. As emphasized in the Introduction, all data available up to now lead to the conclusion that residue Asp-30, which is conserved in most sequences, plays a crucial role in catalysis [21, 29, 39] . This residue is buried in a hydrophobic core formed by residues Ile-42, Phe-46, Pro-80 and Phe-82, but is nevertheless partially accessible to solvent. The solvent molecule that is hydrogen-bonded to the caboxylate OD2 of Asp-26 and also to the carbonyl CO of Cys-35 in the structures of the oxidized form of E. coli thioredoxin [10] and of the chloroplastic m and f isoforms from spinach [12] 
Figure 2 Ribbon diagram of thioredoxin h from C. reinhardtii in the oxidized form
The side chains of residues Asp-30, Cys-36 and Cys-39 are shown in the ball-and-stick representation. The figure was drawn with MolMol [41] .
Table 2 Hydrogen bonds and salt bridges involved in intermolecular contacts between molecules A and B
A and B in bold refer to the two independent molecules. Superscript letters denote symmetry transformations used to generate equivalent atoms : a, x, y, z ; b, 1ky, xky, zj1/3 ; c, xky, 1ky, kzj2/3 ; d, 1kx, 1kxjy, kzj1/3. Atom notations are in agreement with PDB nomenclature. is also present in our structure between Asp-30-OD2 and Cys 39-CO ( Figure 3A ).
Crystal structure of the D30A mutant : functional implications for the D30 residue
Crystals of the D30A mutant are isomorphous to those of the WT protein. The superimposition of the WT and D30A structures carried out on Cα positions of residues 4-110 leads to a r.m.s.
value of only 0.14 A H . In the crystal structure, the substitution of Asp-30 by Ala does not lead to any distortion of the active-site conformation, as shown in Figure 3 . The geometry of the disulphide bridge is conserved and the distance is the same as that between Cys-39-SG and Ala-30-CA in the WT structure. As emphasized in the Introduction, numerous studies have been carried out to elucidate the role of the active-site-buried aspartate residue of thioredoxins. Chivers and Raines [29] and LeMaster et al. [30] established independently from kinetic experiments carried out on E. coli WT and Asp-26 (Asp-30 in the C. reinhardtii sequence) mutant proteins that this residue serves as a general acid\base catalyst towards Cys-35 (Cys-39 in the C. reinhardtii sequence) during the oxidation\reduction reaction. So, if one considers the reduction by thioredoxin of a target protein, Asp-30 would provide a base catalyst, abstracting a proton from Cys-39 in the mixed disulphide intermediate, enhancing the breakdown of this intermediate. Base catalysis is indeed required at this level since the buried Cys-39 exhibits a pK a value of 11.1 in the mixed intermediate [46] .
However, it remains difficult to reconcile the biological results with the available structural data, and LeMaster et al. [30] suggested that this mechanism would require a structural rearrangement because of the great distance observed between Cys-39-SG and Asp-30-OD1.
The distance between Cys-39-SG and Asp-30-OD1 (5.9 A H ) in our WT structure is in good agreement with the values found for the X-ray structures of E. coli [10] or human [8] thioredoxins. In this context, the involvement of Asp-30 as an acid\base catalyst could only be envisaged (i) if significant conformational changes occur during the reaction or (ii) via a water molecule if the chain flexibility allows access to solvent molecules.
Figure 3 Stereoview showing the active-site region of WT thioredoxin h (A) and that of the D30A mutant (B) in the same orientation
The distance between Cys-39-SG and Asp-30-OD1 is 5.9 AH . In the WT structure, a water molecule is hydrogen-bonded with Asp-30-OD2 (2.9 AH ) and Cys-39-O (2.8 AH ). This water molecule is not found in the D30A mutant structure. The figure was drawn with MolMol [41] .
Figure 4 Stereoview showing the hydrophobic environment of residue Asp-30
The Van-der-Waals spheres of Asp-30 (red) and of the neighbouring residues belonging to either the β-sheet (green, Pro-80 and Phe-82) or the α2-helix (blue, Ile-42 and Phe-46) are represented. The figure was drawn with MolMol [41] . To examine these two possibilities and to better elucidate the role of Asp-30 in catalysis, we undertook an investigation of the dynamic aspects of these residues in acuo and in relation to solvent accessibility.
Molecular-simulations analysis in vacuo
Molecular-dynamics simulations in acuo were carried out on the minimized crystal structures of WT and mutated D30A thioredoxin from C. reinhardtii to analyse the behaviour of the protein. Analysis of the mean square displacements of the residues in the two molecules gives an indication of the mutual flexibility of the regions containing the residues of interest, Asp\Ala-30 and Cys-39. Although some flexibility is observed in the activesite region, the relative mobility of residues Asp-30 and Cys-39 does not allow their side chains to come close enough to support the hypothesis of a direct proton transfer between the two residues. Indeed, the distance between the sulphur atom of Cys-39 and the closest oxygen of Asp-30-OD1 during the dynamics simulations in acuo at 300 or 500 K was always greater than 6.5 A H , in good agreement with the distances measured on the 23 C. reinhardtii thioredoxin-independent NMR models (6.4-9.9 A H , PDB code 1TOF). This finding supports the conclusions of Vohnik et al. [25] that the aspartate residue does not interact directly with the active-site-buried cysteine. Interestingly, Qin et al. [47] published the NMR structure of a mixed disulphide intermediate (the stage at which Asp-30 is postulated to act as a base catalyst) of a C39S mutant (C35S in the human sequence) of human thioredoxin in complex with a nuclear factor κB (NFκB) peptide. This structure, together with the structures of reduced (first stage of the reduction reaction) and oxidized (last stage of the reduction reaction) thioredoxin [8] , provides a snapshot of the three-dimensional conformation of the protein at the three stages of the reaction and allows identification of the main conformational events that occur during catalysis. The comparison between the three structures shows that the protein does not undergo any large conformational change upon mixed disulphide formation and that the distance between Cys-39-SG and Asp-30-OD in the mixed disulphide intermediate is too great to support direct proton transfer. Taken together with the results of our molecular-dynamics simulations, this supports the idea that, even if conformational changes occur during catalysis, they do not allow a direct interaction between the side chains of Cys-39 and Asp-30. From a structural point of view, residue Asp-30 is located in the middle of the β-sheet, which constitutes the rigid core of the molecule, and residue Cys-39 is situated at the end of α2-helix. Bringing the two residues close together would require a translation movement of the α-helix towards the β-sheet. However, residue Asp-30 is surrounded by hydrophobic, bulky residues belonging to either the β-sheet (Pro-80 and Phe-82) or the α2-helix (Ile-42 and Phe-46 ; Figure 4 ) and a translation of the whole α2-helix would result in a clash (interpenetration) of the Van-der-Waals surfaces between atoms of the two secondary structures. It is noteworthy that these hydrophobic residues are conserved or replaced by equivalent residues in the structures of other thioredoxins ( Figure 5) . Alternatively, the destabilization of the N-terminal part of α2-helix would be sufficient to bring the two residues closer to one another. In order to examine this possibility, we have analysed the situation encountered in the 23 individual NMR models from C. reinhardttii thioredoxin, since this helix was significantly shorter in some of them. These models show that the presence of a long, well-structured, α2-helix correlates with the shortest distance between residues 30 and 39, whereas the models displaying the shortest α2-helices correlate with the longest distances. It follows that even if the N-terminal turn of the α2-helix is destabilized in solution, it would always result in an increased distance between the two catalytic residues. Finally, LeMaster et al. [30] suggested that the internal cavity lying between Cys-35-S and Asp-26-OD (E. coli numbering) should allow for a χ1 dihedral angle rotation of Cys-35 to bring these side chains into contact with minimal structural rearrangement. However, such a conformational change to the Cys side chain, which would bring the two atoms to a distance of 4.2 A H in our structure, is neither supported by the moleculardynamics results (the distance is always above 6.3 A H ) nor found in any NMR or crystal structures of thioredoxins.
Altogether, these structural considerations constitute a further argument to rule out the hypothesis of a direct proton transfer between the two residues and led us to investigate a possible role of water molecules in catalysis. For this purpose, two moleculardynamics simulations in water solution at 300 K were performed on the structures of the WT and mutant proteins.
Molecular-dynamics simulations in solution
The simulation carried out on the WT protein reveals that during the last 120 ps, one water molecule from the water bulk gets into the active site, occupying a position that is at hydrogenbonding distance from both the Cys-39 sulphur atom and the Asp-30-OD1 atom ( Figure 6 ). Note that although this water molecule is not present in our crystal structure, another one occupies a close position between Asp-30-OD1 and Cys-39-CO. During the simulation, the water molecule (Ow) acts as a bridge between the two residues, with Ow-Cys-39-SG and Ow-Asp-30-OD1 average distances of 3.86 and 3.06 A H , respectively ( Figures  6A and 6B) , with the occurrence of a hydrogen-bond network (ratio of the number of the simulation steps where hydrogenbonds are present between the three atoms to the total number of simulation steps) of 56 % between the three atoms. In addition, the average distance between the Ow-Asp-30-OD2 is 4.26 A H ( Figure 6C ) with a hydrogen-bond occurrence between the two atoms of 26 %. The results concerning the occurrence of the hydrogen-bond network between the Ow, the Cys-39-SG and the Asp-30-OD1 are significant since well-established crystallographic structures of small peptides that contain an hydrogenbond network through water molecules do give similar occurrences [48] . Therefore, in the reduction reaction, the water molecule could act as a hydrogen-bond donor towards the Asp-30 side chain and as a hydrogen-bond acceptor from the Cys-39 sulphur atom. The results of the statistical analysis of the hydrogen-bonds for the WT enzyme have to be compared with those concerning the D30A mutant. In the case of the D30A mutant, the simulation suggests that water molecules might be involved in an interaction with the Cys-39-SG atom, but with low occurrence of hydrogen-bonds (14 %). These water molecules are linked by hydrogen-bonds, giving rise to a water-molecule network near the Cys-39 residue.
Solvent isotope effect and proton inventory
The reduction of DTNB by reduced thioredoxin proceeds in two chemical steps via a mixed disulphide intermediate, and gives rise to two molecules of 2-nitro-5-thiobenzoate (NTB − ). Stoppedflow analysis of this reaction established that the release of the first NTB − molecule following the nucleophilic attack of the first catalytic Cys residue occurs at a very high rate, whereas the release of the second one from the mixed disulphide occurs more slowly [29] . Since the breakdown of the mixed disulphide intermediate constitutes the rate-determining step of the reduction reaction, it is possible to follow this second step under steady-state conditions by the use of a coupled system containing an excess of thioredoxin reductase and NADPH, which allows thioredoxin recycling.
To give experimental support for the involvement of a water molecule, the solvent isotope effect was examined and a proton inventory was carried out. Substituting #H # O for H # O results in a 1.6-fold decrease in the steady-state constant of the WT enzyme. In order to establish how many protons contribute to the solvent isotope effect, a proton inventory was performed for the WT enzyme by measuring the dependence of k x (the differential isotope effect on the steady-state rate constant) upon the #H # O mole fraction (x ; Figure 7 ). The best fit of the data against eqn (1) was obtained for n l 2, with values of 0.59p0.05
Scheme 1 The role of Asp-30 in the catalytic mechanism of thioredoxins
On the basis of our crystal structures, molecular dynamics and proton inventory, we propose that, in the second step, the proton transfer between Cys-39 and Asp-30 is mediated by a water molecule. and 0.58p0.05 for the fractionation factors of the two protons in the transition state (φ T " , φ T # ) and a value of 0.56p0.1 for the fractionation factor of Cys-39 in the reactant state (φ R ). This latter value is in close agreement with those reported for the catalytic cysteines of proline racemase (φ R , 0.55p0.1) [49] or for small thiol compounds (φ R , 0.61p0.17) [45] . Fitting the data to the Gross-Butler equation adapted for one proton contribution to the transition state (n l 1) with a fixed φ R value of 0.56 gives rise to a dome-shaped curve, represented Figure 7 (dottedline), that does not fit our experimental data. On the other hand, keeping φ R unconstrained and setting the number of protons to one allows us to fit the data quite well but the resulting φ R value obtained from the adjustment becomes equal to 1.0, an unprecedented value for a thiol group [45] . Consequently, the most probable conclusion of this experiment is that the solvent isotope effect originates from the transfer of two protons with equivalent contributions to the rate-limiting transition state. Therefore, at pH 8, the deprotonation of residue Cys-39 required for the breakdown of the mixed disulphide intermediate would involve a water molecule (Scheme 1), itself activated by Asp-30 acting as a base catalyst.
Concluding remarks
Altogether, our results are in agreement with previous conclusions [29, 30] that the conserved Asp residue serves as an acid\base in the oxidation\reduction reactions catalysed by thioredoxins, by protonating (during substrate oxidation) or deprotonating (during substrate reduction) the thiol of the most buried cysteine residue. However, comparison of the structural data for the WT and mutant proteins, in conjunction with molecular-dynamics simulation and proton-inventory experiments, suggests that this proton transfer is mediated by a water molecule (Scheme 1). Furthermore, the structural details obtained from the crystal structure suggest that the presence of a polar residue, such as aspartic acid, should restrict the access to the active site to one water molecule. This hypothesis is also supported by the molecular-dynamics simulation. In addition, Asp-30 is able potentially to provide hydrogen-bond acceptors to activate and to orient the water molecule. On the contrary, in the D30A mutant, the presence of a smaller side chain could allow the active site to be occupied by two or more water molecules. This different behaviour gives rise to a network of water molecules that could assist the Cys residue and might explain why the mutant protein retains some catalytic efficiency. This hypothesis is also supported by the data of Chivers and Raines [29] showing that, in the case of mutants at position Asp-30, external buffers (such as imidazole) can access the active site and enhance the breakdown of the mixed disulphide intermediate, thus partly restoring the loss of activity caused by the replacement of the Asp residue. Such a water molecule network that mediates the proton transfer in the absence of a catalytic residue has also been reported for an aldehyde dehydrogenase [50] on the basis of proton-inventory experiments.
